Introduction
The variable pressure regime of the Central Graben in the North Sea presents a number of challenges. There are the deep high pressure -high temperature (HPHT) Jurassic and Triassic reservoirs, which are among the most overpressured in the world. Shallower, are the moderately overpressured porous Cretaceous Chalk reservoirs. They are encased in impermeable chalk that prevents accurate pressure measurement or prediction. Above the Chalk are Paleocene reservoirs, which although more normally pressured, exist beneath an overpressured younger Tertiary section. All of these reservoirs require careful adjustment of mudweight: (i) to avoid dangerous blowouts in the HPHT environment, (ii) to avoid surprise kicks within the Chalk formations and (iii) to limit mud invasion into the Paleocene and some Chalk reservoirs that could hinder appraisal, or even prevent discovery. Seismic velocities have long been used to estimate porepressure and fracture pressure to aid exploration well planning. We apply a pragmatic approach to improve porepressure and fracture pressure prediction using high density seismic velocities derived from amplitude variation with offset (AVO) information. The emphasis is placed on maximising both temporal and lateral resolution of the pressure estimates. Besides assisting exploration well planning, improved resolution may show the pressure variations around a reservoir and thereby assist field appraisal and development. The estimation of both porepressure and fracture pressure may also indicate where, and if, HPHT reservoirs have breached their seal. The derivation of seismic velocities from AVO was introduced by Swan (2001) . Kan & Swan (2001) went on to show that the derived high density velocities could be used for pore-pressure prediction. In their work, the porepressure estimation from seismic velocity was based on the work of Hottman & Johnson (1965) who were first to demonstrate the link between pore-pressure and the deviation of elastic wave velocity away from a normal compaction trend. Eaton (1975) supplied an alternative, and more commonly used, relationship between pore-pressure and velocity when the cause of overpressure was undercompaction. Bowers (1995) suggested that overpressure was due to causes other than the under-compaction, which was the basis of the earlier work discussed above. Bowers assumed that fluid expansion was an alternative cause and required modified relationships. However, he also showed that both Hottman & Johnson and Eaton's formulation could produce fairly accurate results in the more complex environments where fluid expansion was an issue. Bowers also suggested that for the complex geology of the Central Graben in the North Sea, it is necessary to define a number of normal compaction trends to describe it. He suggested one trend for strata earlier than the Cretaceous Chalk, a second for the Chalk itself, and a third for strata more recent than the Chalk.
Methodology
We address Bowers' main points by taking a more pragmatic approach whereby more flexible normal trend parameters are calibrated optimally at one or more well locations using a modified, more flexible Eaton relationship. Then, provided the measured velocities are sufficiently accurate with good resolution, meaningful pressure variations can be ascertained away from the calibration wells. While the use of a more flexible normal compaction trend handles the pre-Chalk and post-Chalk lithology, the estimated Chalk predictions will be in error in the absence of a trend specifically designed for the more radical variations within the Chalk lithology. To obtain the high density velocity field, we use an extended Swan approach to derive a 3D velocity field sampled 25m spatially and 4ms temporally. The extension consists of engineering an algorithm (Ratcliffe & Roberts, 2003) that is robust and also less sensitive to input velocity error in the presence of strong AVO anomalies such as phase reversals. This approach is preferred over a tomographically produced high density velocity field because the latter are found to be of low resolution, due to the inherent smoothing within that process. The estimation of reliable interval velocities from our Swan based method benefits from geology that is low to moderately structured, a streamer offset that is sufficient to provide raytraced incidence angles of at least 30°, and optimal imaging of the input data. The latter requires that either prestack depth migrated, or raytraced, prestack time migrated input data are used. We expand and apply existing concepts to derive pressure data. In a similar manner to Kan & Swan (2001) , a continuous velocity field is used to generate the pressure data. In order to preserve resolution, the large lateral AVO averaging (half-spreadlength) employed by Kan & Swan is avoided, as is their spline fit to the vertical interval velocities. Instead, the lateral averaging of the AVO is determined by the measured signal quality, and the vertical interval velocities are conditioned. To strengthen the theoretical basis of the approach, the theory of Hottman & Johnson that was used by Kan & Swan (2001) is replaced by a modification of Eaton's theory (1969 Eaton's theory ( & 1975 to address points raised by Bowers (1995) and Daines (1982) .
Well calibration & verification
Public domain log data from the UK well 30/1c-2A and Norwegian well 1/2-1 are used to calibrate parameters. A further five wells from the UK sector are used to verify pressure estimates over the 500 km 2 study area which includes UK blocks 30/1, 2, 3 and part of Norwegian block 1/2. The wells are chosen because of their spatial distribution and the quality of their pressure reporting. Density log data are used to define the lithostatic pressure model while the checkshot corrected sonic log data and gamma ray log data from well 30/1c-2A are used to establish a normal compaction trend and to ascertain the significant effect of anisotropy on the seismic velocity measurements. Pressure data from 30/1c-2A in the form of Repeat Formation Tester (RFT), Leak Off Tests (LOT) and mudweights are used to refine the calibration. Figure 1 shows the pressure calibrations at 30/1c-2A where the pressure predictions have been done with (a) Eaton relationships (1969 Eaton relationships ( & 1975 and (b) a more flexible approach that takes into account the main points from the work of Daines (1982) and Bowers (1995) . Daines introduced a background tectonic stress component into the computation of fracture pressures. The addition of tectonic stress can explain the fact that leak-off pressures exceed lithostatic pressure in this HPHT environment. Bowers pointed out that when overpressure is caused by fluid expansion, as it is in this HPHT environment, then effective stress and seismic velocity are related by a different power relationship than when the overpressure is caused by the more usual under-compaction. Hence, the algorithm must have the flexibility to tie well data in both environments. Figure 1 shows that both methods give reasonable results above the Chalk in the overpressured upper Tertiary and the more normally pressured Paleocene is as expected.
As mentioned earlier, the estimates in the Chalk are in error because the normal compaction trend parameters are not appropriate for the Chalk's radically different lithology. Figure 1a shows that, beneath the Chalk, the HPHT seismic estimates of pore-pressure are slightly low compared to RFT measurements and the estimated fracture pressure is considerably lower than measured leak-off pressures. Note that the measured leak-off pressure is equal to, or exceeds, the estimated lithostatic pressure in this extreme HPHT environment. Figure 1b shows that the modified Eaton approach provides a closer match between seismic estimates and well measurements at the HPHT level. The calibrated parameters and the modified Eaton relationships used in Figure 1b are applied in a laterally invariant manner and verified at the other well locations. Figure 2 shows one of the verification wells. It is the Blane well 30/3a-1 which is separated from the calibration well 30/1c-2A by about 20km. The RFT of this well confirms pressure estimates within the Paleocene reservoir. To validate the technique, we will present all six well verifications in the form of a historical review of drilling mudweights used, along with pore-pressures and fracture gradients estimated from both drilling penetration rates and seismic velocities. Figure 3 shows a pore-pressure gradient section along a traverse between the wells 30/1c-2A and 30/3a-1. Figure 4 shows the well traverse of Figure 3 on a timeslice through the pore-pressure gradient volume at 3.7s. The positions of the calibration and verification wells are indicated in white. On Figure 3 , the more normally pressured Paleocene is seen beneath the overpressured, younger Tertiary section and above a Chalk formation that, due to its lithology, does not yield reliable pore-pressure estimates with our selected trend parameters. Beneath the Base Chalk, the Lower Cretaceous, Jurassic and Triassic have generally highly pressured gradients. In the Jurassic, around well 30/1c-2A there are some pressure variations that may indicate compartmentalisation within fault blocks and, if so, could help establish seal integrity. In Figure 4 , we see the pressure across the top of the Kessog HPHT field. The resolution is good enough to see faulting in the pressure field. It will be demonstrated that this faulting and pressure compartmentalisation can be seen to greater effect using widely available visualisation techniques.
Pore-pressure results from seismic volumes

Conclusions
A pragmatic approach is shown to produce high resolution pore-pressure predictions. In a demanding environment like the North Sea Central Graben, the predictions can be calibrated and verified against available well data and pressure data can be meaningfully extrapolated away from the wells over a large area.
